Using Luminex xMAP (x = analyte, MAP = multi-analyte profiling) technology, a serological method for the simultaneous detection of antibodies to Newcastle disease virus (NDV) and avian influenza virus (AIV) was established. Nano-magnetic beads coated with purified NDV protein and AIV nucleoprotein were incubated with serum samples. Using biotinylated rabbit anti-chicken IgY and streptavidin-R-phycoerythrin, the optical signals measured by a Luminex 200 detection system indicated the quantification of NDV or AIV antibodies in the serum. Specific pathogen-free (SPF) chicken serum was used as a negative control. The Luminex xMAP assay developed in this study demonstrated high specificity as there was no cross-reaction with antibodies to infectious laryngotracheitis virus, infectious bronchitis virus, infectious bursal disease virus, avian leukosis virus, and Marek's disease virus. The results from reproducibility experiments showed that intra-coefficients of variation were 3.36 and 9.23% and inter-coefficients of variation were 6.50 and 7.66% for NDV and AIV, respectively. The results also indicated that the Luminex xMAP assay was 16 times more sensitive for NDV antibody detection and 1,024 times more sensitive for AIV antibody detection compared to the enzyme-linked immunosorbent assay (ELISA). A total of 300 chicken serum samples were subjected to both Luminex xMAP assay and ELISA, showing the coincidence rates of 98.67 and 98% for NDV and AIV antibody detection, respectively. This study provides a new method for the simultaneous detection NDV and AIV antibodies in the serum with high specificity and sensitivity.
INTRODUCTION
Newcastle disease virus (NDV) and avian influenza virus (AIV) can infect varieties of poultry flocks and birds, causing significant economic losses to the poultry industry of China and other countries around the world (Awan et al., 1994; Su et al., 2015) . Newcastle disease (ND) caused by NDV is a highly contagious, acute, and septic avian disease that features respiratory and digestive duct injury typically, which is one of the most severe infectious diseases damaging the global poultry industry (Al-Garib et al., 2003) . Avian influenza (AI) is caused by influenza A virus, which can infect most species including poultry flocks, pet birds, and wild birds. The influenza virus can also be found in human, mouse, weasel, marten, swine, cat, tiger, and canine (Xu et al., 2007; Causey and Edwards, 2008; Kocer et al., 2013; Freidl et al., 2014) . The poultry infected with influenza virus generally shows respiratory, digestive, genital, and neurological symptoms (Silva et al., 2013) .
At present, serological diagnostic techniques for the detection of antibodies primarily include enzyme-linked immunosorbent assay (ELISA), hemagglutination assay (HA), and hemagglutination inhibition (HI). As major diseases currently existing in large-scale chicken farms in China, ND and AI usually occurred as the mixed or secondary infection and showed similar clinical symptoms. These conventional methods have been used for the simplex detection of NDV or AIV antibodies in large serological samples (Wu et al., 2007; Shien et al., 2008; Chumbe et al., 2017) , but it cannot be used for the simultaneous detection of NDV and AIV antibodies in 1 reaction.
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As a new high-flux detection technology, Luminex xMAP can be applicable for the rapid simultaneous serological detection of various pathogens, with high-accuracy and simple operation that are superior to conventional methods. Multiple assays can be performed at the same time in a single well with less sample volume and other reagents. Internal assay control beads with test samples can be mixed in the same well to validate each test run; therefore, less hazardous waste can be generated in the lab. In this study, the Luminex xMAP assay was performed to simultaneously detect NDV and AIV antibodies in serum. A total of 300 chicken serum samples were subjected to both the Luminex xMAP assay and ELISA and the similar detection rates were achieved, and results also demonstrated that the Luminex xMAP assay was much more sensitive compared to ELISA.
MATERIALS AND METHODS

Materials
NDV LaSota virus protein was preserved in our laboratory; AIV nucleoprotein (NP) was obtained from Sino Biological, China (influenza A virus strain: A/Ann Arbor/6/1960; subtype: H2N2). Luminex assay kits and fluorescent magnetic microspheres were purchased from Bio-Techne, USA. Streptavidin-R-phycoerythrin and biotinylated rabbit anti-chicken IgY (H+L) were from Invitrogen, USA and Solarbio, China, respectively. Wash buffers, phosphate-buffered saline (0.01 M PBS+0.1% BSA+0.05% NaN 3 +0.02% Tween-20), were made in our laboratory. AIV (H5, H7, and H9) positive sera were from Harbin Weike Biotechnology Development Company, China; NDV (genotype VII) positive sera were obtained from Harbin Veterinary Research Institute, Harbin, China. The clinical chicken sera were submitted to our laboratory from a chicken farm in Huizhou, China. ELISA kits for NDV antibody (No FS6545) and for AIV antibody (No. 160,317) were purchased from Biochek, Netherlands, and INgezim, Spain, respectively. The Luminex 200 liquid chip detection system (Luminex Corporation, USA) was used in this study to develop the xMAP assay.
Establishment of Luminex xMAP Assay
Microspheres were diluted into 50 beads/μL. Then, 50-μL aliquots of the diluted microspheres were added into each sample well of a 96-well plate. Specific pathogen-free (SPF) chicken sera and positive sera were used as negative and positive controls, respectively. The positive serum was diluted at 1:25 to 1:12,800 and added as 50 μL/well and shaken for 1 h at room temperature. After washing 3 times, 100 μL of biotinylated rabbit anti-chicken IgY (2 μg/mL) was added to each well and then shaken for 30 min at room temperature. After washing 3 times again with wash buffer, 2 μg/mL of streptavidin-R-phycoerythrin was added as 100 μL/well and then shaken for 30 min. The median fluorescence intensity (MFI) values of the samples were determined by Luminex 200. It was defined as positive if the sample MFI value was greater than the cut-off value. All samples were conducted in triplicates for each assay.
Determination of Cut-Off Value of xMAP Assay
In total, 32 SPF-chicken serum samples were used as the negative control and subjected to the xMAP assay.
The MFI values were collected and the cut-off value was defined as the average MFI of negative control plus 3 times the standard deviation. If the MFI value of a sample is greater than the cut-off value, the sample would be considered as positive, which otherwise would be considered as negative.
Specific Detection of Duplex xMAP
Positive sera of NDV (genotype II and VII), AIV (H5, H7, and H9), infectious laryngotracheitis virus (ILTV), infectious bronchitis virus (IBV), Marek's disease virus (MDV), infectious Bursa disease virus (IBDV), and Avian leukosis virus (ALV) were subjected to duplex xMAP to verify any cross-reactivity. All samples were conducted in triplicate in each assay.
Sensitivity Comparison of Duplex xMAP and ELISA
Two-time dilutions of positive NDV and AIV sera were tested by duplex xMAP assay and ELISA. Through the limit of detection, the sensitivity of two methods was determined and compared. All samples were conducted in triplicate in each assay.
Reproducibility of Duplex xMAP Assay
The coefficient variation (CV) was calculated, and intra-assay variations were analyzed through 3 individual duplicate detections for 1 NDV-positive serum sample and 1 AVI-positive serum sample, both at a dilution ratio of 1:200. The above experiment was performed in triplicate.
Comparison of Clinical Detection of Duplex xMAP and ELISA
In briefly, the chickens in a Huizhou chicken farm were immunized by inactivated NDV vaccine (VG/GA strain, Meria), inactivated AIV vaccine (H5 + H9) (YeBio Co, Qingdao), and the vaccine (NDV LaSota strain + IBV H120 strain from Harbin Pharmaceutical Group Holding Co, Harbin) on post-hatching day 7 (D7), D14, and D21, respectively. The serum samples were collected when the chickens where 8 wk old and submitted to our laboratory. A total of 300 chicken 
RESULTS
Establishment of Singplex xMAP Assay for NDV and AIV Antibody Detection
The 6 concentrations of NDV protein (5, 10, 20, 40, 80, 160, 320 , and 640 μg, per 1 × 10 6 magbeads) were used for the establishment of singplex xMAP for NDV, as shown in Table 1 . The optimal concentration of 160 μg/1 × 10 6 magbeads was finally determined. Under this condition, the mean P/N value (123.91) was the maximum. The serum dilution ratio of 1:200 was selected, and under this condition, the mean P/N value (100.70) was the maximum.
The 6 concentrations of AIV NP (1, 2, 4, 8, 16 , and 32 μg per 1 × 10 6 magbeads) were used for the establishment of singplex xMAP for AIV, as shown in Table 2 . The optimal concentration of 16 μg/1 × 10 6 magbeads was finally determined. Under this condition, the mean P/N value (198.08) was the maximum. The serum dilution ratio of 1:200 was selected, and under this condition, the mean P/N value (175.26) was the maximum.
Establishment of Duplex xMAP Assay for the Simultaneous Detection of NDV and AIV Antibody
Based on the results given in Tables 1 and 2 , the NDV optimum serum dilution ratio and AIV optimum serum dilution ratio were both set to be 1:200. Thus, 1:200 was selected as the dilution ratio for the duplex xMAP assay. Based on the results given in Tables 1 and 
Determination of Cut-Off Value of Duplex xMAP Assay
As the results show in Tables 3 and 4 , the cut-off value for NDV detection was the MFI value of 203.36, whereas the MFI value 231.37 was the cut-off value for AIV detection.
Specificity of xMAP Assay for NDV and AIV Antibody Detection
As the results show in Figure 1 and Table 5 , there were no cross-reactions with positive sera for other avian diseases, and all the MFI values were less than the cut-off value.
Sensitivity Comparison of xMAP Assay and ELISA
Series dilutions of NDV-positive sera from 1:200 to 1:1,638,400 and AIV-positive sera from 1:25 to 1:204,800 were used to compare the sensitivity of xMAP assay and ELISA. The results showed that the xMAP assay detected NDV-positive sera at 1:819,200 and AIV-positive sera at 1:102,400; ELISA can detect NDVpositive sera at 1:51,200 and AIV-positive sera at 1:100. See Tables 6 and 7 .
Reproducibility Experiment
The reproducibility experiment results showed the CVs of intra-assay were 9.23 and 3.36% for NDV and AIV antibody detection. The results of inter-assay reproducibility experiment indicated that the CVs were 6.50 and 7.66% for NDV and for AIV antibody detection, respectively.
Comparison with ELISA by Clinical Detection
For comparison of duplex xMAP assay with ELISA for NDV/AIV antibody detection, 300 chicken serum samples from a chicken farm in Huizhou, China, were tested, and the results are shown in Table 8 .
DISCUSSION
NDV strains have been grouped into many pathotypes, depending on the disease they produce in chickens. The most commonly used LaSota vaccine strains, whose proteins were chosen for antigen, are lentogenic strains that produce no or only mild clinical signs in adult birds. The vaccine strains have been used for more than 50 years to provide protection from disease caused by mesogenic and velogenic strains (Kapczynski and King, 2005; Miller et al., 2010) . Although LaSota belongs to genotype II, the protection provided by genotype II vaccines against morbidity and mortality of heterologous challenge virus strains has been fully identified (Liu et al., 2003; Jeon et al., 2008; Cornax et al., 2012) .
Influenza A nucleoprotein (NP) is a highly conserved protein and has group and type specificity that can be used as a candidate diagnostic antigen and can detect H5N1, H9N2, and H7N1 subtypes of AIV using the most commonly used ELISA methods (Deboer et al., 1990; Wu, Hu, Xiao, Li, Shi and Bi, 2007) .
Currently, the methods for avian respiratory disease monitoring primarily include virus isolation, serological detection, virology detection, and molecular biological detection. Traditional serological detection methods including HA, ELISA, and HI were widely used in current poultry production in China. These assays can be used for the monitoring of antibody level in the large quantity of serum samples. However, these methods would not be possible to detect multiple antibodies simultaneously in 1 reaction.
Luminex xMAP is an emerging technology that can be used for the multiplex detection of bacterial, viral, parasitic, and fungal agents (Opalka et al., 2003; Dias et al., 2005; Fonseca et al., 2011; Reslova et al., 2017) . This is the first case report of simultaneous detection of AIV and NDV using the Luminex xMAP assay. In this method, small carboxylated polystyrene microspheres are internally dyed with both a red and an infrared fluorophore (Dunbar et al., 2003) . Based on change in the ratio of the two fluorophores, more than 100 different color-coded microsphere sets can be distinguished, and each microsphere set can be coupled with a different biological probe. Finally, the microspheres are detected by a dedicated flow cytometer Luminex 200 (Earley et al., 2002) .
This study shows the establishment and validation of duplex xMAP assay for the simultaneous detection of NDV and AIV antibodies. First, to determine the optimal concentrations of microsphere antigens for NDV protein and AIV NP protein (160 μg/1 × 10 6 magbeads and 16 μg/1 × 10 6 magbeads, respectively), two singplex xMAP assays were established individually for the detection of NDV and AIV antibodies with an optimal serum dilution ratio of 1:200, respectively. However, it is not ideal to detect only 1 type of pathogen antibody because more than 1 disease often occurs in poultry. Given the significance of simultaneous detection of NDV and AIV antibodies, the duplex xMAP assay was established. Based on the results given in Tables 1 and 2 , the concentrations of microsphere antigens in the duplex xMAP assay were the same as those in the singplex xMAP assay. In addition to NDV and AIV, IBV and ILTV are also common viruses in the poultry farm (Gao et al., 2014; Sultankulova et al., 2017) . These 4 diseases have high incidences, and it is difficult to make a differential diagnosis based on clinical symptoms because they have very similar syndromes. Therefore, based on Figure 1 , this duplex xMAP assay can be used for the accurate simultaneous detection of NDV and AIV and has no cross-reactions with IBV and ILTV. Although NDV VII is an important genotype, the positive serum of NDV genotype VII was also investigated by the xMAP assay, as shown in Figure S1 . Based on this study, we also propose that the multiplex xMAP assay can be established for the simultaneous detection of NDV, AIV, IBV, and ILTV as a fast and effective differential detection method in the future.
In China, the vaccination of NDV and AIV is compulsory so that the ELISA and xMAP assay can be used to monitor the antibody levels after vaccine immunity. Single-analyte ELISA does not support the detection of multiple specific antibody responses simultaneously for a single serum sample (Bokken et al., 2012) . The conversion of an ELISA to the xMAP assay is uncomplicated, efficient, and cost saving, producing an assay with superior dynamic range and sensitivity (Baker et al., 2012) . In this study, the results obtained from both methods showed that the sensitivity of xMAP was 1: 819,200 and 1: 102,400 (NDV and AIV respectively), whereas the sensitivity of ELISA was 1:51,200 and 1:100 (NDV and AIV respectively). Through comparison of these two methods, the sensitivity of xMAP assay to detect NDV antibody was 16 times higher than that of the ELISA method; the sensitivity of xMAP assay to detect AIV antibody was even up to 1,024 times higher than that of the ELISA method. This indicates that the xMAP assay is much more sensitive than ELISA for the detection of NDV and AIV antibodies. The results given in Table 8 also demonstrated that the xMAP assay is highly accurate and widely applicable because it achieved similar detection rates as ELISA in positive clinical samples or even higher positive rates.
In conclusion, the serological method of duplex xMAP assay was established in this study for the simultaneous detection of NDV and AIV antibodies. This study describes how to determine the optimal conditions for establishing the duplex xMAP assay based on the singplex xMAP assay, thus providing a reference for establishing the additional multiplex xMAP assay.
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SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Figure S1 . The result of Specificity of xMAP Assay for NDV genotype VII antibody Detection. The positive sera of NDV genotype VII were tested. Red color column and blue color column represent NDV xMAP and AIV xMAP assays, respectively.
